While methanol and ethanol are macroscopically miscible with water, their mixtures exhibit negative excess entropies of mixing. Despite considerable effort in both experiment and theory, there remains significant disagreement regarding the origin of this effect. Different models for the liquid mixture structure have been proposed to address this behavior, including the enhancement of the water hydrogen bonding network around the alcohol hydrophobic groups and microscopic immiscibility or clustering. We have investigated mixtures of methanol, ethanol, and isopropanol with water by liquid microjet X-ray absorption spectroscopy on the oxygen K-edge, an atomspecific probe providing details of both inter-and intra-molecular structure. The measured spectra evidence a significant enhancement of hydrogen bonding originating from the methanol and ethanol hydroxyl groups upon the addition of water. These additional hydrogen bonding interactions would strengthen the liquid-liquid interactions, resulting in additional ordering in the liquid structures and leading to a reduction in entropy and a negative enthalpy of mixing, consistent with existing thermodynamic data. In contrast, the spectra of the isopropanol-water mixtures exhibit an increase in the number of broken alcohol hydrogen bonds for mixtures containing up to 0.5 water mole fraction, an observation consistent with existing enthalpy of mixing data, suggesting that the measured negative excess entropy is a result of clustering or micro-immiscibility. Published by AIP Publishing. [http://dx
I. INTRODUCTION
It is well established that non-ideal liquid-liquid binary mixtures can exhibit negative excess entropies of mixing, i.e., the measured entropy of mixing is less than that predicted for the mixing of two ideal liquids. For an ideal mixture of two liquids, A and B, the entropy of mixing is given by
where k is Boltzmann's constant, N is the number of molecules, and x i is the mole fraction of each component. The excess entropy of mixing is thereby defined as
where S mix is the measured entropy of mixing. Negative excess entropy of mixing would therefore indicate the formation of a non-ideal mixture that exhibits enhanced order or structuring. Many alcohol-water mixtures (i.e., methanol-water, ethanolwater, etc.) exhibit negative excess entropies of mixing, an effect first experimentally characterized by Butler et al. in 1933 who deduced the free energy of alcohols in aqueous solution through partial vapor pressure measurements. 1 Methanol-, ethanol-, and isopropanol-water solutions were further examined by Lama and Lu 2 who showed that the excess entropy of mixing in these alcohol water mixtures remained negative for all concentrations of alcohol. Additionally, while the excess enthalpies of mixing for methanol-and a) saykally@berkeley.edu ethanol-water mixtures were always negative, indicating the formation of stronger interactions in the mixtures relative to those in the pure liquids, the excess enthalpy of mixing for isopropanol-water mixture is positive for concentrations above x iPrOH ≈ 0.45. This positive excess enthalpy of mixing observed in isopropanol-water mixtures was attributed to steric hindrance, resulting from the bulky isopropyl group, impeding ideal hydrogen bond (HB) formation.
Despite significant experimental and theoretical effort, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] a converged model for the liquid structure of these mixtures has yet to be established. To explain the anomalous behavior of the alcohol-water mixtures, many have invoked Frank and Evans' proposed "iceberg" model for the solvation of hydrophobic species in water, wherein water forms clathrate-like structures around the solvated hydrophobic groups. 14 Molecular dynamics (MD) simulations have provided evidence both for and against this model.
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More recently, microscopic clustering and aggregation have been proposed as an alternative explanation for the observed negative excess entropy. [18] [19] [20] [21] [22] [23] Experimental studies, employing a wide range of experimental techniques, have thus far been inconclusive. [24] [25] [26] Neutron and X-ray diffraction studies of methanol-and ethanol-water mixtures have concluded that incomplete mixing alone can explain the negative excess entropy of mixing. [27] [28] [29] [30] [31] [32] This has been supported by X-ray emission and X-ray absorption studies. [33] [34] [35] Dielectric relaxation and nuclear magnetic resonance spectroscopies support the clustering explanation while also revealing reduced liquid mobility. [36] [37] [38] [39] [40] [41] Using Raman spectroscopy, Ben-Amotz et al. have concluded that the observed clustering in alcohol-water mixtures is a result of random, rather than hydrophobic, interactions. 42, 43 In contrast, some femtosecond midinfrared spectroscopy experiments have shown that water surrounding the aliphatic groups of the alcohols displays significantly slowed dynamics relative to the bulk, lending support to the model in which the measured negative excess entropy is attributed to water forming clathrate-like structure around the hydrophobic groups of the alcohols. 44 Here, we present a study of methanol-, ethanol-, and isopropanol-water mixtures via liquid microjet X-ray absorption spectroscopy (XAS). XAS is an atom-specific probe of a system's unoccupied electronic states sensitive to both the intermolecular and intramolecular environments. It is therefore ideal for probing liquid structure. Since introducing the use of liquid microjet technology in XAS of liquids in 2001, 45 we have employed this methodology to study a wide variety of phenomena in liquid systems, including ion solvation and pairing in water, 46 ,47 the solvation of lithium in propylene carbonate, 48 the hydrolysis of carbon dioxide, 49 and the structure of hydrated carbonic acid.
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II. EXPERIMENTAL METHODS
Oxygen K-edge total electron yield (TEY) spectra were collected at Beamline 8.0.1 at the Advanced Light Source (ALS) at the Lawrence Berkeley National Laboratory. A detailed description of the experiment has been published previously. 51 Briefly, an intense (>10 11 photons/s), high resolution (E/∆E = 7000), and tunable soft X-ray beam is generated by an undulator magnet at the ALS. A dual syringe pump system (Teledyne-ISCO 260D) drives two liquid samples water (18.2 MΩ cm from a Millipore purification system) and methanol, ethanol, or isopropanol through a mixing tee and an extended length of polyether ether ketone (PEEK) tubing to ensure complete mixing of the liquids (interaction time >1 min), and finally into a 30 µm inner diameter fused silica capillary to create a liquid jet with a linear flow velocity of ∼20 m/s. The liquid beam is intersected with the focused (100 × 35 µm spot size) X-ray beam in a high vacuum (∼2 × 10 −4 Torr) chamber, yielding an on-jet spectrum. The liquid jet then passes through a skimmer and freezes onto a cryogenic trap. The TEY signal is collected as a function of photon energy with a positively biased (2.1 kV) copper electrode placed ∼1 cm above the liquid sample. Vapor phase (off-jet) TEY spectra were collected by translating the liquid microjet above or below the incident X-ray beam. The collected spectra were normalized to the current (I 0 ) collected from a gold mesh located further upstream on the beamline to account for X-ray intensity variations. The vapor phase contribution to the on-jet spectrum was removed via a straightforward subtraction of the measured off-jet spectrum, yielding a liquid phase spectrum.
III. RESULTS AND DISCUSSION
Measured oxygen K-edge spectra for liquid-and vaporphase water, methanol, ethanol, and isopropanol are presented in Figure 1 . The liquid phase XA spectrum of water is significantly altered from that of the vapor characterized by both a ∼1 eV blue shift and a large degree of inhomogeneous broadening. The XA spectra of the liquid alcohols exhibit many similarities with that of water. In liquid water, the pre-edge feature, centered at ∼535 eV, is associated with broken hydrogen bonds (HBs). 52 A similar pre-edge feature is also observed in all of the alcohols, wherein this pre-edge feature is red-shifted (∼1 eV), relative to water, and is lowered in intensity, manifesting only as a shoulder in methanol and FIG. 1. Oxygen K-edge XA spectra for vapor (dashed-blue) and liquid (solid-black) water, methanol, ethanol, and isopropanol. Vapor spectra were collected by translating the liquid jet above or below the incident X-ray beam. The measured spectra have been calibrated via a single-point energy alignment relative to the spectrum of liquid water.
ethanol, rather than a distinct peak as seen in water and isopropanol. Note that this is not in agreement with previous finding by Nagasaka et al. who observed the absorption onset of methanol and water at the same energy. 34 Significant changes are observed in the pre-edge region of the alcohol spectra (533-535 eV) upon the addition of water (Fig. 2) . In the methanol-and ethanol-water mixtures, a significant reduction in intensity of the alcohol pre-edge feature is observed following the addition of a relatively small amount of water. For the methanol-water mixtures, the methanol pre-edge feature is only present in pure MeOH and 9:1 MeOH:H 2 O mixtures. In the 7:3 MeOH:H 2 O mixture, only the pre-edge feature of water is present. The water pre-edge peak continues to grow upon further addition of water. In the ethanol-water mixtures, the ethanol pre-edge peak is only present in the pure ethanol spectrum. In mixtures containing both ethanol and water, the ethanol pre-edge feature is entirely absent while the water pre-edge peak appears to increase FIG. 2. Oxygen K-edge XA spectra in the pre-edge region for the alcohol-water mixtures. Top: methanol-water. Middle: ethanol-water. Bottom: isopropanol-water. Ratios indicate molar ratios of the mixtures. Spectra have been normalized to the first minimum above the water pre-edge (∼535.7 eV). The small differences in the pure water spectra collected for the different alcohol-water mixtures are attributable to artifacts from the vapor subtraction. In particular, the on-jet water spectrum collected with the isopropanol mixtures exhibited a greater vapor contribution. monotonically with water concentration. This behavior is not observed in the isopropanol-water mixtures where an initial increase in intensity in the isopropanol pre-edge peak is observed for the 9:1 and 7:3 iPrOH:H 2 O mixtures. A decrease in the intensity of the peak is observed in the 5:5 iPrOH:H 2 O mixture and those with higher fractions of water.
The pre-edge feature of liquid water and the analogous feature in the alcohols originate from disorder in the hydrogen bonding network (i.e., broken hydrogen bonds). 25, 52 The rapid depletion of the alcohol pre-edge features in the spectra of the methanol-and ethanol-water mixtures strongly suggests that the addition of even a small amount of water to methanol and ethanol significantly reduces the number of dangling OH bonds originating from the alcohol molecules. The corresponding formation of additional hydrogen bonding interactions, which suggests enhanced structuring in the mixtures, would be manifested thermodynamically as a reduction in entropy. The even more rapid disappearance of the ethanol pre-edge feature, relative to that of methanol, is consistent with previous measurements of excess entropy of mixing in which ethanol-water mixtures exhibit a more negative excess entropy of mixing than do methanol-water mixtures.
2 Additionally, more recent ab initio calculations on methanol-and ethanol-water clusters indicate that the ethanolwater hydrogen bonding interaction is slightly stronger than the methanol-water interaction. 53 In the liquid system, this would likely be manifested as a greater number of alcoholwater hydrogen bonding interactions in ethanol-water relative to methanol-water.
In the isopropanol-water mixtures, an increase in the intensity of the alcohol pre-edge peak is observed for mixtures containing up to 0.5 water mole fraction. This suggests that the addition of water to isopropanol induces more disorder in that portion of the hydrogen bonding network involving the isopropanol as the hydrogen bond donor, consistent with previous measurements of the excess enthalpy of mixing of such mixtures.
2 While the excess enthalpy of mixing of methanol-and ethanol-water mixtures is always negative, isopropanol-water mixtures exhibit a positive excess enthalpy of mixing in mixtures with isopropanol mole fraction concentrations greater than 0.5. A positive excess enthalpy of mixing is indicative of weaker liquid-liquid interactions present in the mixture relative to those in the pure liquids. A reduction in the population of isopropanolwater hydrogen bonds or an increase in the disorder in the hydrogen bonding network can account for this measured thermodynamic property of the liquid. It cannot, however, account for the negative excess entropy of the isopropanolwater as a reduction in hydrogen bonding should result in an increase in the entropy. Therefore, the measured negative excess entropy of the isopropanol-water system likely originates from incomplete mixing between the two liquids.
IV. CONCLUSIONS
We have presented oxygen K-edge X-ray absorption spectra of methanol-, ethanol-, and isopropanol-water mixtures. The spectra exhibit reproducible changes in the oxygen pre-edge region (533-537 eV), corresponding to changes in the hydrogen bonding environment. In the methanol-and ethanol-water mixtures, we find that the addition of water results in a significant reduction in dangling alcohol OH bonds, evidenced by the rapid depletion of the alcohol pre-edge peak. While this observation does not preclude micro-immiscibility as a contributing factor to the measured negative excess entropy of mixing, the formation of additional liquid-liquid interactions would also contribute to the anomalous thermodynamic properties of the methanoland ethanol-water mixtures. In contrast, in isopropanol-water mixtures, the addition of water initially results in an increase in the isopropanol pre-edge the intensity, which indicates a significant increase in dangling alcohol OH bonds upon the addition of water. In isolation, the disruption of the hydrogen bonding network in the isopropanol-water mixtures would result in an increase in the entropy of mixing. The measured negative excess entropy of the isopropanol system is likely a consequence of inhomogeneous mixing. 
ACKNOWLEDGMENTS
